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Abstract: Trade-off between transient response and grid-side current quality is a well-known issue of
single-phase mains-connected power converters. A dual-loop control structure (usually based on
PI or type-II controllers) is typically employed in such systems to regulate the DC link voltage to a
constant reference (in order to maintain power balance) while forcing the grid-side current to have
a specific shape (in order to comply with power quality requirements). Introducing notch term/s
(tuned to certain multiple/s of the mains base frequency) into one of the loops allows either for the
improvement of the dynamic performance without worsening the total harmonic distortion of grid-
side current or for the enhancement of the current quality without impairing the dynamic response.
Since the maximum tolerable value of total harmonic distortion is typically imposed by a certain
power quality standard, it is desirable to enhance the transient response of the power converter system
as much as possible while keeping the total harmonic distortion at the maximum allowed value.
However, universal off-grid operating power conversion systems must support both 50 Hz and 60 Hz
mains; consequently, tuning the notch term/s to 50 Hz multiple/s would not be sufficient for a 60 Hz
mains operation and vice-versa. Consequently, this work examines the possibility of introducing
a dual-notch term into the control loop in order to cover both above-mentioned base frequencies.
It is demonstrated that under typical base frequency uncertainty values, the performances of dual-
notch terms are nearly decoupled so that the term tuned to a 50 Hz frequency (and optionally to
its multiples) has nearly no influence at a 60 Hz mains operation and vice-versa. Consequently,
the methodology allows for the improvement of the dynamics of universal grid-connected power
converters without total harmonic distortion (THD) deterioration. A stability analysis of the proposed
control structure is carried out and quantitative design guidelines, allowing for the attainment of an
optimized dynamic response for a given maximum tolerable total harmonic distortion, minimum
allowed phase margin and a certain base frequency uncertainty, are established. It is shown that a
DC link voltage loop bandwidth of 52 Hz may be attained while keeping the grid-side current THD
below 5%. Simulations and experimental results support well the proposed design methodology.

Keywords: single-phase grid-connected converter; transient response; total harmonic distortion;
notch filter; control system

1. Introduction

Mains-interfacing power conversion systems are typically obliged by power quality
standards to interchange sinusoidal-shaped current with the utility grid [1-3]. As a result,
alternating instantaneous power is exchanged between the two entities, formed by a DC
component and a power component pulsating at twice the mains base frequency [4-6].
While the DC component is transferred to/from the load/source in order to carry the
energy, the pulsating power constituent should not be allowed to reach the load /source to
avoid lifetime reduction and excessive losses [7-9]. Consequently, DC link capacitors are
typically employed to compensate instantaneous power mismatch between grid-side and
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load/source-side both in steady state and during transients [10-12]. This is accomplished
by regulating the average DC link capacitor voltage (reflecting the stored energy) to a
constant reference value employing a PI or type-2 compensator [13-16] without counter-
acting the pulsating power component. As a result, pulsating current flows through the
DC link capacitor, giving rise to an uncontrolled DC link voltage ripple [17,18], which
is proportional to the total power processed and inversely proportional to the DC link
capacitance value and DC link voltage reference value [19,20]. Upon sensing the DC link
voltage and feeding it back to the regulation loop, the ripple distorts the grid-side current
magnitude reference signal (created by the loop compensator), leading to an increased total
harmonic distortion (THD) of utility-side current [21,22]. In order to limit the THD, the
gain of DC link voltage loop compensator should be restricted in the vicinity of double the
base utility frequency [23], implying a trade-off between AC-side current THD and DC link
voltage dynamics in case compensators with monotonically decreasing frequency response
characteristics (e.g., PI or type-2) are employed [24-26]. Typically, around 10 Hz DC link
voltage loop bandwidth is attained under 5% grid-side current THD restriction. Such a rela-
tively low bandwidth imposes a high value of the required DC link capacitance in order to
cope with sharp load-side power variations, since the DC link voltage value should always
remain above the maximum of grid-side voltage to retain converter controllability [22,24].

Many solutions aiming to improve the trade-off have been suggested. Utilizing line
voltage and/or load current feedforward to compensate against parameter variations does
not increase the DC voltage loop bandwidth, yet it requires additional sensors [27-30]. The
ripple estimation and cancellation techniques proposed in [31-36] indicated an improved
performance, yet requiring a relatively complex circuitry and a significantly increased
computational burden. The implementation of approaches based on nonlinear and/or
time-varying control proposed in [37-40] call for a high-performance microcontroller. On
the other hand, linear filtering-based methods proposed in [41-47] seem to be much simpler
in terms of analysis and implementation. In particular, compensators combining a PI or
type-II term with a notch filter may be easily realized either digitally or by a simple analog
network. As mentioned above, the value of DC link voltage loop gain should be restricted
in the vicinity of double the base utility frequency in order to limit the THD. A notch filter
was combined with the current loop controller in [48] to enhance transient responses at
both the DC bus voltage and the output current. Introducing a notch filter tuned to double
the mains base frequency allows for local DC-link voltage loop gain minimization without
restricting the corresponding PI or type-II controller gain, thus attaining an increased
crossover frequency. Disturbance observer-based approaches, employing notch terms, were
shown to yield a similar effect [49,50]. Design guidelines for obtaining PI + Notch controller
coefficients based on the maximum tolerable grid-side current THD and transient DC link
voltage deviation were established in [51].

Nevertheless, neither of the above-mentioned notch-filter-based solutions took into
account the fact that a universal grid-connected converter must be capable of supporting
both 50 Hz and 60 Hz grid frequencies. Moreover, utilizing transient DC link voltage devi-
ation may yield non-optimal performance in terms of phase margin “overkill”. Recently,
a disturbance observer-based approach [50] was extended to employ dual-notch-based
action in [52], yet the methodology may only be applied to existing systems with slow PI
or type-II controllers and cannot be employed in from-scratch designs. In addition, the
control structures of disturbance observer-based methods are quite complex and not easy
to implement.

Consequently, the main contributions of this work are as follows:

1. It is suggested to combine a PI term with two notch filters, tuned to 50 Hz and
60 Hz, respectively, in order to support universal grid interfacing without the need
for controller redesign.

2. The minimum allowed phase margin is used as the second performance merit (along
with the maximum tolerable grid-side current THD) rather than the maximum tolera-
ble transient DC link voltage deviation. Such an approach allows the optimization of
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the latter rather than setting a desired value a priori (which may lead to a non-existing
solution, requiring further iterations).

An explicit process of deriving coefficients of the proposed PI + N? controller employed
for regulating the DC-link voltage of single-phase converters interfacing either 50 Hz
or 60 Hz mains is proposed in this work. The proposed methodology allows for the
optimization of the DC-link voltage transient caused by step-like load changes while
attaining prescribed values of grid-side current THD and DC-link voltage loop phase
margin under the prescribed mains frequency uncertainty range.

The rest of the paper is organized as follows. The essentials of single-phase grid-
connected power conversion system operation are brought forward in Section 2. The
steady-state performance of the system in terms of total harmonic distortion and its dy-
namic response in terms of DC-link voltage deviation upon step-like load variation are
revealed analytically in Sections 3 and 4, respectively. Guidelines for the proposed controller
coefficient derivation are established in Section 5. The simulations and experiments of the
proposed methodology applied to a 500 W grid-connected converter are demonstrated in
Section 6. The paper is then concluded in Section 7.

2. Single-Phase Grid-Connected Power Conversion System

Consider a typical dual-stage off-grid operating power conversion system depicted
in Figure 1a, formed by a mains-interfacing AC/DC converter and a downstream DC-DC
converter, interconnected via a DC link capacitance Cpc. The grid is assumed to act as
energy source in the subsequent discussion, yet the methodology remains valid in case
the energy flows from the DC side to the AC side. Moreover, all the variables below are
switching-cycle-average, i.e., free from switching components. Considering harmonic-free
mains and unity power factor operation for brevity (yet without loss of generality), the
grid-side voltage and current are given by [52]

v6(t) = om () sin(f (D)D), ig(H) = in() sin([ w(t)dt) M

with w denoting the instantaneous base frequency of the grid and vy, i)s representing the
corresponding magnitudes. In steady state, the above quantities are constant so that

om() = Vi, im(t) = In, w(t) = we. @
In steady state, the base frequency of the mains may attain the following values,

e — - 1007t, 50 Hzmains 3)
G~ 1207, 60 Hz mains

with & € [amin < 1, &max > 1] representing the corresponding deviation from nominal
values (i.e.,, |1 — « | indicates the corresponding uncertainty). On the other hand, DC-side
variables are also constant in steady state so that

or(t) =V, ir(t) =1Ip. 4

Assuming lossless conversion, a functional diagram of the power conversion system
is shown in Figure 1b with

pL(t) = v (t)ir(t), pc(t) =vc(t)ic(t), vpc(t)ipc(t) = pa(t) —pr(t), 5)

where vpc(t) and ipc(t) represent the voltage across the DC link capacitance Cpc and the
corresponding current, respectively. Combining (1) with (5) yields [10]
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(d)

Figure 1. Typical single-phase dual-stage grid-connected power conversion system. (a) General-
ized topology; (b) low-frequency functional diagram; (c) bridge-rectifier-based AC/DC converter;
(d) bridgeless rectifier /inverter.

opc(B)ipe(t) = ch<t>chd”?d—§(” = 050, ()ing(£) — 0.50p()ira (t) cos (z'/wu)dt) —o (i), (6

~—_————
ipc(t)
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reducing in steady state to
ss dUSDSC(t)
CDCUDC(t) T, = 0.5V Iy — 0.5V I COS(2aJGt) — Vi, 7)
which may be split into
0.5VpmIp = VLIL ®)
and o
v t
Cpcve(t) L[)zi ) _ —0.5Vi I cos(2wit), 9)

respectively. Consequently, the steady-state expressions of grid-side current and DC link
voltage are given by
In =75 PL=Vily (10)

and

Pr
w6 (Vhe)*Cpe

respectively, with V} - denoting the DC link voltage set point value. In practice,

sin(2wgt), (11)

vpc(t) = VEC\/l -

bk
ws (Vie)*Coe

typically holds; hence, (11) may be further reduced to [11]

<<1 (12)

00 (1) = Ve — Mope(t),  Dope(t) = AVpesin(2wgt), AVpe = M}’% (13)

Consequently, steady-state DC link voltage would always be formed by the dominat-
ing DC component and the significantly smaller double-base-frequency pulsating ripple
component, proportional to the load power and inversely proportional to the DC link
capacitance, DC link voltage set point, and base frequency of the mains.

It must be emphasized that two typical realizations of the grid-interfacing AC/DC
converter exist in practice. In case of unidirectional AC-to-DC power conversion, a grid-
interfacing converter is often realized by a diode bridge rectifier followed by a boost DC-DC
converter, as shown in Figure 1c. In case of DC-to-AC energy flow, the grid-interfacing
converter operates as an inverter and should be realized in a bridgeless manner, e.g., as
shown in Figure 1d. It should be mentioned, however, that unidirectional rectifiers may
also be realized by bridgeless topology circuits. The corresponding control structures
are depicted in Figure 2. In case a bridge-rectifier-based topology is utilized, all the
measurements are taken at the DC side of the converter. The outer (voltage) loop regulates
the DC link voltage by feeding the difference between the corresponding set point V7, - and
the measured value vpc into the voltage controller Cy, which calculates the mains current
magnitude value I, required to maintain the power balance (cf. (10)). On the other hand,
the rectified mains voltage |vg| is sensed and the corresponding unity magnitude template
|sin [ w(t)dt| is extracted and multiplied by I;, in order to generate the reference signal for
the rectified grid-side current |ig|*. The inner (current) loop regulates the rectified grid-
side current by feeding the difference between the corresponding reference |ig|" and the
measured value |ig| into the current controller C;, which calculates the required modulating
signal. The output of the PWM modulator is then fed to the switch of the boost DC-DC
converter (cf. Figure 1c).
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Figure 2. Typical dual-loop control structures for (a) a bridge-rectifier-based AC/DC converter, and
(b) a bridgeless rectifier /inverter.

In case a bridgeless topology is utilized, grid-side measurements are required. While
the outer (voltage) loop is similar to that of the bridge-rectifier-based topology, here the
mains voltage v is sensed and the corresponding unity magnitude template sin [ w(t)dt
is extracted and multiplied by Iy, in order to generate the reference signal for the grid-
side current i 5. The inner (current) loop regulates the grid-side current by feeding the
difference between the corresponding reference ii; and the measured value ig into the
current controller Cj, which calculates the required modulating signal. The outputs of the
PWM modulator are then fed to the switches of the AC/DC converter (cf. Figure 1d).

It was shown in [53] that the attainable bandwidth w¢y of a typical current loop is
given by
., 0.5m— PMj

wcr & T, , (14)

where PM] is the desired phase margin of the current loop and T is the total switching and
sampling delay, the worst case of which equals 1.5 times the sampling period. Considering
the typical values of PM] = 7 and switching frequency of 50 kHz, the attainable current
loop bandwidth would be 27t-4167 rad /s, which is about two decades higher than the
attainable voltage loop bandwidth. Consequently, it may be assumed that

ic(t) =ig(t), lic()] = lic(H)]® (15)
with a high degree of accuracy. Noticing that
vG(Dig(t) = [oc(#)lic(t)| = p(h). (16)

holds for (1) and combining (15) with (6) while taking Figures 1b and 2 into account, the
corresponding simplified closed-loop system representations are depicted in Figure 3 [51].
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lig(t)| = Imlsinwet| =

Vpe
s (th)dt) l/ - ‘-}G ----- l-)[‘- ------- = \‘
* * | _ |
. 1 [} i !
Ve Cy M G 1 L:,é&,é_, J.() !
- current | !
Vpo loop : - ,:
\
(b) TTT T comverter™ T

Figure 3. Simplified control structures for (a) a bridge-rectifier-based AC/DC converter; and (b) a
bridgeless rectifier/inverter.

In this paper, the controller Cy is realized by a cascaded proportional-integral-dual-
notch (PI + N?) structure

Ts+1 s2 + (200m)> s2 + (240m)?
Cv(s) =K : ) — ol MY
— 5 82 +28(200m)s + (200m)"  s2 + 2§ ¢(2407r)s + (240m)
FIG) NE (5 NE(s)
N2(s)

with 0 < ¢¢ <1, proposed by the authors in [54]. There are three parameters to be deter-
mined (namely K, T and &) according to the desired phase margin of the voltage loop PMy,,
the maximum tolerable total harmonic distortion value THD* and the expected deviation
of base frequencies from their nominal values «.

3. Total Harmonic Distortion
According to (10), (13) and Figure 3, there is

2P,
lis = - = AVoe|Cy(2wg)|sin(2wat + argCy (2w)) (18)

in steady state. Consequently (cf. (15)), there is

2P, (| VmAVic
Vi 2P,

|Cv (2wg)| sin(2wgt + argCV(ch))> |sin wet| (19)
in case of a diode bridge-based rectifier. If

VmAVpe

2D, ICv(2we)| << 1 (20)
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then (19) implies grid current [51]

ic(t) = % (1 - %P‘L/DQCV(ZLUGH sin(2wgt + argCV(ZwG))) sinwgt

_ap, ( sinwgt + VM4AP‘L/DC |Cy (2wg)| cos(wgt + argCy (2wg)) — )

- T\ = Yplee ey (2wg) | sin(3wet + argCy (2w )

(21)

formed by the first and the third harmonic components only. Note that (21) also holds in the
case of bridgeless grid-interfacing converter implementation. Consequently, the grid-side

current THD is given by (cf. (20))

VmAVpce

THD =
4P;

|Cv (2we)|-
Furthermore, (20) may be reformulated as

2-THD << 1,

(22)

(23)

which is typically true since THD values of 5% and below are typically considered. Hence,

(20) is justified and (21) is a valid approximation.

It may be concluded from (21) that the pulsating ripple component of the DC link
voltage (13) imposes a non-zero grid-side current THD. Denoting the maximum tolerable

THD value as THD?*, the combination of (13) and (21) yields the following constraint

4(261)(; ) VE*)C CDC

14 .
M |Cy(2wg)| = THD* = |Cy(2wg)| = v
C M

SCUG VBC CD

which must be satisfied within the region given by the following union (cf. (3))

(20min - 1007t < 2wi < 2amax - 10071) U (2amin - 1207 < 2wg < 20may - 1207).

Considering (23) with (17) yields

KY (2weT)*+1 %
ZCUG
(20077)2 — (2w ) (2407)— (2w

V(20072 = (2006)? )+ (40 (200m) ) 1/ (24072 (2wg)?) + (4w (240m) )

_ 4(2(4}(;)‘/* CDC
e TDCTHD*.

Combining (26) with (3) leads to

KY (2weT)*+1 %

ZwG
1 1 _ 4(2we)Vh

2 a2 2 o Vm
¢1+4¢f s JM%% ( (30)
1

,(gu)z)z

cCoe THp*

wg = w1007

K (2wgT)*+1

ZwG X

. 1 _ 4(2wG€/V5CCDC THD*, wg = a120m
S (52 !
f(],tﬂ) 1+4§%(57
1

_(ga)2>2

unified as

THD*,

(24)

(25)

(26)

(27)
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(ch’f)z +1 42we)V5~Cpe .
K@) = (2/MDCTHD (28)

with

—, wg = al007

’ 1+4§j2f( ((25“))2>2

fla) = )
(8)°

1+4§}
(-(8e)

denoting the multiplication of tuned and un-tuned notch term gains, respectively. Plots
of f(«) versus 0.99 < a < 1.01 (signifying 1% mains frequency uncertainty) are depicted
in Figure 4 for different values of &. As expected, the gain of the notch term is zero at
nominal frequency (theoretically implying THD = 0), increasing with detuning. Moreover,
the highest total f(«) is attained at ami, for 50 Hz mains and at amax for 60 Hz mains.
Nevertheless, since the magnitude response of the PI term in (17) monotonically decreases
until the effect zero begins to kick in, the gain at wg = &min-1007r may be expected as the
worst case one. In addition, it is well-evident that increasing {r improves robustness to
frequency variations. It should be emphasized that if {; = 0 is selected, the control structure
in (17) reduces to the typical PI regulator.

wg = al207 29)

a2
(1-a2)* 14482

0.45 T T T T T T

—ff = 0.1, 5S0Hz mains

0. .
4 gf = 0.1, 60Hz mains

——§; = 0.06, 50Hz mains

0.35
§f = 0.06, 60Hz mains
0.3 —§f =0.02, 50Hz mains
= 0.06, 60Hz mains
f
0.25
B
3
N
L

0.2

0.15

0.1

0.05

0
0.99 0.992 0.994 0996  0.998 1 1.002  1.004 1.006 1.008 1.01

a
Figure 4. Plots of f(a) for different base frequencies and values of &y.

4. Dynamic Response

Reformulating (6) as

Cpcopc(t) d”lzli ®) _ 05021 (F)in(t) — pr(t) — 0.50p1(£)ipg(t) cos (z / w(t)dt) (30)

p2(t)
and linearizing around the operating point by substituting

opc(t) = Vise +Tpe(t), im(t) = T=+im(t), om(t) = Vi +0m(t),

pL(t) = P+ Fu(t), palt) = Py cos(wet) + Falt), G
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into (31) and neglecting high-order small-signal terms yields

 dape(t . P _ _
CocVise P2 05V (t) + pou(t) — 7u(t) — palt) 2)

The resultant control structure is depicted in Figure 5 [22].

~ converter

Figure 5. Linearized simplified control structure.

The corresponding loop gain is obtained as

0.5V]
L(s) = S Cy(s) =

05VyK Ts+1 52+(20071)2 s24(24070)2 _
CocVie s 2428 5(2007)5+(2007)? 52428 7 (2407)s+(24070)° (33)

28541

05KV,
Wy —NR()NE(s),  wn=\/covtt,  &n = wn

Denoting the crossover frequency of the voltage loop as wcy, the corresponding phase
and gain contributions of the notch terms are given by

N~

_ 2 ~ 2
arg NF; (wcy) = —tan 1 (M), arg NF(wcy) = —tan 1 (M),

wey 2007 wey 2407

(34)

INF (wcy)| = 14@} , INB(wcy)| = ,
I+ (M_M)z (m_m)z
wcy 2007 wcy 2407

respectively. The Bode diagram of dual-notch term NF;(s)-NF;(s) is depicted in Figure 6
for different values of {r and w < 2007 (since wey < 2007 in practice). It is well-evident
that increasing the value of ¢y escalates both the phase and gain contributions of the
dual-notch term.

It is well-evident that the gain contribution may be neglected within the whole fre-
quency range considered, thus

w2 w
|L(wey)| =2 — (2@1 CV)+1:1 (35)
wCV Wy

should be satisfied at the crossover frequency wcy, yielding the crossover frequency

(36)
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Figure 6. Bode diagram of dual-notch term NF(s)-NF(s) for different Gy values.

On the other hand, the phase contribution in (34) must be taken into account, imposing

arg (L(wev)) =

2 2 (37)
tg! (Zgn%) —tan”! (mm:f;fwcv> — tan”! (m%z) —mn=-m+PMy

wcy 2007

wcy 2407

at the crossover frequency with PMj; indicating the desired voltage loop phase margin.
Solving (37) with (36), there is

1
<tg(PM§‘/+ﬁ) >4 4

2v2 2¢ 27
_ _ -1 -1
Gn = - 2 , p=tan ( 2007 jwcv ) +tan ( 20n jwcv : (38)
2<tg(P1\<1/‘£+/S)> 41 woy ~ 2007 wey 20w
22

Note that § in (38) may be approximated for simplicity (with some safety margin) as

_ 2¢

B=2tan! (2007[ fwcv >, (39)

‘wey 2007

hence, in order to minimize it, ¥ should satisfy
1 /2007 wcy
| — = —|. 4
6r<<3 (wcv 200n> (40)
Setting r to

1. /200 wcy
= A — — —~ 41
§r=3 (wcv 20071)' 1)

and substituting into (39), there is

B=2tan (M) =2\, A<<1. (42)
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In order to bound B by Bmax degrees, A should be set to

A= %tan(ﬁmax) (43)
and PMj, increased by Bmax degrees to compensate for B. For the value of Bmax = 5°
recommended in [51], A = 0.0437 should be selected. In case ¢ 1 is bounded according to
(40), ¢y and 8, are presented graphically versus the typical range of the desired voltage
loop phase margin values in Figures 7 and 8, respectively. It may be concluded that both
parameters increase with the rise in PM7,. In addition, the crossover frequency wcy is
always higher than wj, for the practical values of the desired voltage loop phase margin.

0.65 T T T

0.6

0.55

0.5

wr 0.5

0.4

0.35

0.3

0.25 I I I I I
30 35 40 45 50 55 60

PM,,

Figure 7. Graphical representation of ¢, versus the desired voltage loop phase margin.

1.4

1.35

1.3

Q: 1.25

1.2

1.15

11

1.05 I I I I I
30 35 40 45 50 55 60

PM,,

Figure 8. Graphical representation of 8, versus the desired voltage loop phase margin.

In practice, the variations of grid voltage magnitude and frequency are slower with
respect to the voltage loop time constant. Consequently, a critical transient response is the
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Zf;DC (S) |p2 (s)=0

one caused by load power variations. The corresponding transfer function of interest may
be derived from Figure 5 (neglecting the influence of the dual notch term) as

opc(s)
pL(s)

Gn

~ — s G, =
pa(£)=0 S242E s wps+wd’ n

(44)

1
CpcVpc-

Therefore, the load power step of AP; imposes a DC link voltage perturbation ex-
pressed as

GnAP; _ GnAPL & ot o ( )
— = Opc(t g = —————= ¢ ¥nlgin| wyy /1 — &2t ). 45
52+2§nwns+w% DC( )|p2(t)70 wnm n gn (45)

On the other hand, the contribution of p,(t) is given by Avpc(t) in (13). Consequently,
the total DC link voltage deviation may be approximated by

opc(t) = opc(t)ly, 1= + Avpc(t) =

46)
__GuAPL —Cnwnt _ 72 _ APp : (
me sm(wn 1 g’jnt) 2oGVEeCoe sin(2wgt),
bounded by

Upc(t) = vpc(t) — Vpe 1

dncos” " Cn
AP, 1, ia 1 (47)
max e (1) ) max(Avpe(t) = —ggdoe | @t VT g |-

Since the value of ¢, is dictated solely by PM7{, + Bmax (cf. (38)), the total DC link
voltage deviation is reduced when wj, is increased. Since w, is proportional to wcy (cf. (37))
for a given PMy;, increasing w;, is equivalent to increasing the voltage loop bandwidth.
Moreover, the right-hand side within the brackets of (46) implies that w¢ = &min-1007t would
also be the worst case in terms of contribution to the DC link voltage deviation. It should be
recalled that in an earlier work [51], the desired undershoot value rather than the minimal
tolerable phase margin was used as a performance merit, yielding excessive stability at the
expense of a larger DC link voltage overshoot. Here, a minimal tolerable phase margin is
imposed, yielding an improved DC link voltage undershoot, as shown next.

5. Controller Parameters Selection

Combining (28) with (33) and solving while considering the worst-case grid frequency
WG = &min-1007 yields

THD*)?
wy = \/ggnﬂéminlooﬂ 1+ (427) —1. (48)
i (&min)
with
1 1

f(amin) = (49)

\/ + 4€f¢ 1+ 4¢2 (Gamin)”
T 2

(1) T (1 (Gamn)?)
As mentioned at the end of the preceding section, w, should be maximized in order to
optimize the transient response (i.e., minimize the DC link voltage deviation). According
to (43), this implies minimizing the value of f(«) since &, is dictated solely by PMj; + Bmax-
However, this conclusion contradicts the one drawn in Section 3, where the opposite was

required in order to improve the steady-state performance. Consequently, the trade-off
between steady-state and dynamic performances remains and the proposed methodology
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aims to improve it but not eliminate it. According to (36) and (48), the crossover frequency

is then given by

(THD*)?
wey = 0nV8Entmin 100y | 4/ 1+ 2~ — 1. (50)

if? (@min)

Substituting (50) into (41) and rearranging, there is
Cf =
*)2 51
%/\ L = — O ﬁé’n“min\/ 1+ 752%1}12{(5113“ -1]. 1)
R o

Since 8, and ¢, are known from (36) and (38), solving (51) with (49) yields the value of
G- Then, wy, is obtained from (48) and the coefficients of the PI controller term in (17) are
obtained as (cf. (33))

K =252 r=2l (52)

The proposed process of controller coefficient tuning is then summarized as follows:

Initialize Bmax and PMy,.

Obtain 8, using (36), ¢, using (38) and A using (43).
Initialize THD* and w,,,;,-

Obtain &; using (51) and wy, using (48).

Initialize V)1, Cpc and V.

Determine K and 7 using (52).

Verify the design by Bode diagram.

Release requirement/s and iterate if necessary.

® NSO RN

6. Example and Validation

Consider a bidirectional 500 W single-phase grid-connected converter shown in
Figure 9 (the downstream DC-DC converter is represented by the power load element
pr. [55]) operating at a switching frequency of 30 kHz with L = 3.5 mH. The value of the DC
link capacitance was set to Cpc = 385 uF [22] and the DC link voltage set point was selected
as V- = 400 V [51]. The desired performance merit pair was selected as THD* = 0.05,
PMj, = 40°. The grid frequency uncertainty was assumed to be 1%, i.e., & € [apin = 0.99,
&max = 1.01] were considered for both 50 Hz and 60 Hz mains and the corresponding
magnitude was set to Vj; = 325 V. According to the process of controller coefficient tuning
proposed in the previous section:

B =7.5° and PMy, =40° +7.5°.

0, =1.2,¢, =0.45and A = 0.066.

THD* = 0.05 and «,,,;;, = 0.99.

‘ff =0.047 and w;, = 2m-45 rad/s.

Vm =325V, Cpc =385 uF and V- =400 V.
K =76 and T = 0.0032.

A

The resulting Bode diagram of the DC link voltage loop gain (cf. (33)) is depicted in
Figure 10, indicating a crossover frequency of wcy = 27m-52 rad /s and a phase margin of
39.2° in accurate agreement with PMj, = 40°.
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Figure 10. Bode diagram of the DC link voltage loop.

It is interesting to compare the expected performance to the one demonstrated in [51].
Here, voltage deviation of ~10 V is expected (cf. (47)) under a 40° phase margin. On the
other hand, a DC link deviation of 20 V was attained in [51] under a 58° phase margin. It
may be then concluded that imposing a minimal tolerable phase margin yields an optimized
DC link voltage deviation, as stated at the end of Section 4.

6.1. Simulations

During simulations (PSIM 2022 software), the transient responses of the DC link voltage
and grid-side current to a zero-to-rated power step-like load variation, and the correspond-
ing steady-state performance under the proposed control methodology were evaluated. The
results are depicted in Figures 11 and 12 for 50 Hz and 60 Hz mains, respectively.



Appl. Sci

. 2023,13,10144

16 of 24

405
Ve (7)
400

AR AR AARAR

LG AR LA

Time (s)

(a)

405
VDc(t)
0 I

““mmunmmmn

!HH JLLLLGLLLEAI

Time (s)

(b)

405 Ve (t)
400

T
HHHmvvmummm

load increase

AU THD 452/
Time (s)
(c)
Figure 11. Simulation results, 50 Hz mains. DC link voltage and grid-side

ent response
at 50 ms f r (a) wg =27 49 5rad/s; (b) wg =2m-50 rad/s; d( ) wg =27m-50.5 rad/s.

to 100%



Appl. Sci. 2023, 13,1014

17 of 24

405
Ve (£
400 | DC( )

“mmmmniuummm
HU!HHHH WHHHH.H!

t THD 39/

Time (s)

(a)

405
Ve ()
400 |

385

LA R
”””HHHHHHHH!HHH

-400 | v (1)L 40-4, (t) THD 0. 067/
0 ]
Time (s)
(b)
o Ve (£)

mmnnmu{mmumn
Hthmmmmmumm

-400 (1) THD =3.68%
0 0.2 03 0.4 0.5

Time (s)

(c)

Figure 12. Simulation results, 60 Hz mains. DC link voltage response
(a) wg =2m-59.4 rad/s; (b) wg = 2m-60 rad/s; and () wg = 27-60.6 rad/s.

o load increase for



Appl. Sci. 2023,13,10144

18 of 24

It may be concluded that the system operates as expected under the proposed method-
ology in terms of dynamic response (a ~10 V DC link voltage deviation is evident irrespec-
tively of mains frequency). As to the grid-side current quality, Table 1 summarizes the
corresponding steady-state THD values. It is evident that the system designed according to
the proposed approach complies well with THD* at wg = &in-1007t. Moreover, the THD
attains near-zero values at the nominal values of the mains frequency, as predicted above.

Table 1. PSIM-measured THD in simulations.

wgl2m 49.5 Hz 50 Hz 50.5 Hz 59.4 Hz 60 Hz 60.6 Hz
THD% 5 0.1 4.52 3.98 0.067 3.68

6.2. Experiments

In order to validate the proposed methodology experimentally, a modified Texas
Instruments High Voltage Single Phase Inverter Kit [56] (Figure 13) was utilized.

Figure 13. Texas Instruments High Voltage Single Phase Inverter Development Kit.

The control algorithm was realized adopting first-order hold digitization [57] by a
TMS320F28335 DSP-based control card under an average-current-controlled inner loop.
The utility was emulated by an APS-7100 Gw Instek programmable AC power source
operating as 50 Hz/60 Hz % 1%, 230V s sinusoidal voltage source. The M9715B Maynuo
DC electronic load functioning in constant power mode was employed to emulate the
power load py, (cf. Figure 9).

During the simulation framework, it was shown that frequency variations have a
negligible influence on the shape of transient responses; hence, the latter were recorded
for nominal mains frequency values only. The corresponding results are depicted in
Figure 14, matching well the corresponding simulation results demonstrating ~10 V DC
link deviations upon a step-like load variation.
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Figure 14. Experimental results. DC link voltage response to load increase for (a) wg = 2m-50 rad /s,
and (b) wg = 2m-60 rad/s.

The steady-state performance under a rated load around 50 Hz and 60 Hz mains is
demonstrated in Figures 15 and 16, respectively. Prior to the experimental framework,
the AC power source voltage THD was measured and found to be 0.5%, as shown in
Figure 9 in [22]. This value should be taken into account in order to correctly interpret the
measured values of THD;. Table 2 summarizes the corresponding steady-state THD values.
It is evident that the system designed according to the proposed approach complies well
with THD*.
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Table 2. Scope-measured THD in experiments.

wgl2m 49.5 Hz 50 Hz 50.5 Hz 59.4 Hz 60 Hz 60.6 Hz
THD 0.0535 0.0261 0.053 0.0528 0.0212 0.046

7. Conclusions

A method for deriving the coefficients of a proportional-integral and dual-notch con-
troller employed for regulating the DC link voltage of single-phase converters interfacing
either 50 Hz or 60 Hz mains was proposed in this work. The suggested approach allows for
the optimization of the DC link voltage transient caused by step-like load changes while
attaining the prescribed values of the grid-side current total harmonic distortion and the DC
link voltage loop phase margin under a certain uncertainty range of mains frequency. An
explicit process of controller coefficient tuning was established and successfully validated
both by simulations and experimentally. It was shown that the 50 Hz and 60 Hz notch
terms are nearly decoupled in frequency domain, allowing the proposed methodology
to attain an approximate 5-fold increase in the DC link voltage loop crossover frequency
compared to the classical PI control under a 5% grid-side current THD restriction, a 45°
phase margin and a 1% grid frequency uncertainty. Future work on the subject will focus
on distorted grid interfacing (calling for multi-dual-notch-based control structure) and
examining the advantages of replacing the PI term of the controller with a type-II regula-
tor. It is expected that the additional degree of freedom inherent in the type-II regulator
may further improve the trade-off between steady-state and transient converter behavior.
Moreover, multi-dual-notch-based control structures may give rise to stability issues which
must be identified and appropriately resolved.
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